With the advent of techniques for gene isolation based on polymerase chain reaction (PCR), there is an increasing need for methods to complete missing cDNA parts, especially in the more difficult 5 ′ side. While library construction and screening is always a possibility, the process is time-consuming and does not promise isolation of complete cDNAs. For this reason, several PCR-based methods have been developed to approach isolation of missing 5 ′ sequences of cDNAs, collectively known as 5 ′ rapid amplification of cDNA ends (RACE) and reviewed extensively (1,2,4-7). Some of the published methods use inverse PCR but require the generation of double-stranded (ds)cDNA and therefore involve more steps and are more complicated (6, 7) . Several other methods are based on single-stranded (ss)cDNA (2, 4, 8) ; however, they require either nucleotide tailing or ligation of an artificial sequence (an adapter) to the cDNA as an "anchor" for PCR. This step introduces a complication in the protocol, which may hamper successful isolation of the missing sequences.
We have developed a modification of the single-strand 5 ′ RACE method, which does not involve adapters and is therefore simpler and more prone to success. While this method still suffers from the relatively low efficiency of the T4 RNA ligase (compared to DNA ligase in the dscDNA methods), the protocol presents an improvement to previous protocols due to its simplicity. We use the method routinely to complete missing 5 ′ cDNA sequences. Isolated lengths varied between 230-1040 bp, and the genes involved include: (i)a citrus-style, S-like RNase cDNA (unpublished results); (ii) a citrus rhamnosyl-transferase cDNA (Frydman, BarPeled, Fluhr, Gressel and Eyal, unpublished results); (iii)a tomato karyopherin-αcDNA (3); and (iv) a putative terpene synthase cDNA from citrus (Naaman and Eyal, unpublished results). A brief overview of the approach and its schematic representation appear in Figure 1 .
To reverse transcribe single-strand, gene-specific cDNA, mix and bring to a volume of 17 µ L: 50-500 ng poly(A) RNA (amount of transcript needed will depend on the representation of the specific mRNA in the population) and 5 pmol phosphorylated gene-specific primer1-antisense (1AS). We phosphorylate the primer using polynucleotide kinase in standard reaction conditions. Heat to 65°C for 10 min and quickly chill on ice. Add and bring to a volume of 29 µ L: reverse transcriptase buffer (we use buffer supplied with SuperScript ™II; Life Technologies, Gaithersburg, MD, USA) , 4 µ L 10 mM dNTP mixture and 2 µ L 10 0 mM dithiothreitol (DTT). Incubate 2 min at 42°C before adding 200 U reverse transcriptase (we use SuperScript II) and continue incubation for 1 h. Inactivate enzyme at 70°C for 15 min.
To hydrolize mRNA and purify sscDNA: first, RNA is hydrolized by adding 2 µ L 6 N NaOH to the cDNA tube and incubating at 65°C for 30 min. The pH is neutralized by adding 2 µ L 6 N acetic acid, and then sscDNA is purified from hydrolized RNA and primer using silica-gel particles by a standard DNA desalting protocol (we use QIAEX II ® Gel Extraction System; Qiagen, Valencia, CA, USA). While short DNA and RNA fragments remain bound to the silica-gel, cDNA is eluted in 20 µ L water.
To self-ligate sscDNA, mix and bring to a volume of 30 µ L (diluted conditions favor self-ligation over concatamers): 8 µ L sscDNA, 3 µ L 10 × T4 RNA Ligase Buffer and 20 U T4 RNA Ligase (both from New England Biolabs, Beverly, MA, USA) and ligate at room temperature overnight.
Benchmarks
Vol. 27, No. 4 (1999) Figure 1 . Schematic outline of the inverse single-strand RACE protocol. Agene-specific, sscDNA is reverse-transcribed (step A) using a previously phosphorylated gene-specific primer (1AS). Following hydrolysis of the mRNA (step B), the cDNA is self-ligated, resulting in either circular sscDNA molecules or sscDNA dimers/concatamers (step C). Finally, the product is derived by an inverse PCR approach (step D) using 2 gene-specific primers: 1S, (complement of 1AS) and primer2. An identical product will be derived from circular or dimer/concatamer cDNAs. Artifact bands are detected and avoided by comparing single primer controls to the inverse PCR (step D). Primers appear as arrows and are labeled as follows: 1AS (primer1-antisense); 1S (primer1-sense); 2 (primer2). P* denotes 5 ′ -phosphorylation of the primer.
For inverse PCR, mix and bring to 50 µ L: 1 µ L self-ligated cDNA, 20 pmol primer1-sense (1S), 20 pmol primer2, 1 µ L 10 mM dNTPs, 5 µ L 10 × TaqDNA polymerase buffer (including 15 mM MgCl) and 1 U Taq DNA polymerase.
Similarly, prepare 2 control reactions under the exact same conditions, but consist of only one of the primers each. Amplifying conditions are as follows (conditions given are for 200-µ L thin-wall tubes used with the PTC-100 ™ 96V Thermal Cycler; MJ Research, Watertown, MA, USA). These conditions-especially the time-may need to be varied, depending on cycler model and tubes).
Denature at 94°C for 2 min followed by 40-50 (depending on the abundance of the specific message in the original mRNA population) cycles at 94°C for 20 s and 55°-65°C for 30 s (annealing temperature depends on the melting temperature [T m ] of the designed primers. A higher T m and the annealing temperature is preferable to obtain higher specificity, although we have successfully used the protocol with annealing at 50°C) and 72°C for 1-2 min (depending on the size of the expected missing sequence) and a final extension at 72°C for 10 min. Run samples on a standard agarose gel (1%-2% depending on the expected size of the missing sequence) and isolate and clone/sequence band(s) unique to the preparative sample but lacking in the control reactions.
Design medium-high T m (ca. 55°-65°C) gene-specific primers; 20-25 bases with no more than 2 GCs at the 3 ′ end of the primer (3 or more GCs at the 3 ′ end can promote artifact amplifications). Use the standard oligonucleotide design criteria to avoid potential secondary structures and interaction with the other oligonucleotides. Design primers to obtain an overlapping sequence with the existing sequence to confirm relevance (at least 50 bases) and plan for a final product of not less than 100 bases. Short cDNAs might not elute well from the silica-gel particles, and short products will be more difficult to resolve. It is essential to include control amplification reactions (single primer each) because artifacts are common. Proper use of the controls to rule out single primer amplification products eliminates most artifact bands.
